Non-enzymatic glycation (NEG) is an age-related process accelerated by diseases like diabetes, and causes the accumulation of advanced glycation end-products (AGEs). NEG-mediated modification of bone's organic matrix, principally collagen type-I, has been implicated in impairing skeletal physiology and mechanics. Here, we present evidence, from in vitro and in vivo models, and establish a causal relationship between collagen glycation and alterations in bone fracture at multiple length scales. Through atomic force spectroscopy, we established that NEG impairs collagen's ability to dissipate energy. Mechanical testing of in vitro glycated human bone specimen revealed that AGE accumulation due to NEG dramatically reduces the capacity of organic and mineralized matrix to creep and caused bone to fracture under impact at low levels of strain (3000-5000 μstrain) typically associated with fall. Fracture mechanics tests of NEG modified human cortical bone of varying ages, and their age-matched controls revealed that NEG disrupted microcracking based toughening mechanisms and reduced bone propagation and initiation fracture toughness across all age groups. A comprehensive mechanistic model, based on experimental and modeling data, was developed to explain how NEG and AGEs are causal to, and predictive of bone fragility. Furthermore, fracture mechanics and indentation testing on diabetic mice bones revealed that diabetes mediated NEG severely disrupts bone matrix quality in vivo. Finally, we show that AGEs are predictive of bone quality in aging humans and have diagnostic applications in fracture risk.
Introduction
Bone matrix is a composite of mainly type-I collagen and mineral, and smaller quantities of non-collagenous proteins (Zylberberg, 2004) . The ability of bone to resist fracture is determined not only by bone mineral density, as previously thought, but also by the quality of its organic extracellular matrix (Hernandez and Keaveny, 2006; Burr, 2002) . Type-I collagen, which comprises over 90% of the organic matrix, imparts ductility and toughness to bone. Collagen is built of tropocollagen triple helical molecules that self assemble into larger fibrils, a few hundred nanometers in diameter, and exhibit the characteristic 67 nm D-periodicity (Wang et al., 2001) . Self-assembly of collagen involves the formation of systematic enzymatic crosslinks such as pyrrole and pyridinoline, (Knott and Bailey, 1998; Viguet-Carrin et al., 2006) . Enzymatic collagen cross-links mature up to 15 years of age (Eyre et al., 1988; Saito et al., 1997) and are instrumental in providing collagen the necessary stability and mechanical competence to resist deformation. Various studies (Shen et al., 2008; Graham et al., 2004) have demonstrated that fibrils undergo periodic molecular deformation and stretching under force, which results in energy dissipation and retardation of crack growth within the bone matrix (Buehler, 2007; Gupta et al., 2006; Zimmermann et al., 2011) .
Aging or diseases like diabetes cause collagen type-I to crosslink through non-enzymatic glycation (NEG), resulting in the formation of advanced glycation endproducts (AGEs) (Vashishth, 2007; Saito and Marumo, 2013) . NEG-mediated crosslinking involves a reaction between an aldehyde of a reducing sugar (glucose or ribose) and amino groups of lysine or hydroxylysine present on collagen. The resultant aldimine complex rearranges to form a Schiff base or Amadori product, which subsequently undergoes reactions with other amino groups to form AGE crosslinks (Vashishth, 2009) . AGEs can form within the fibril and between individual collagen fibrils, and their number can increase up to five times with age (Sell and Monnier, 1989; Odetti et al., 2005) . They have been correlated to reduced bone toughness (Vashishth et al., 2001; Wang et al., 2002; Garnero et al., 2006) . Non-enzymatic glycation and AGE accumulation, due to aging, not only deteriorate bone quality and material properties Karim and Vashishth, 2012) , but also increase stiffness and brittleness in other musculoskeletal tissues like cartilage (Chen et al., 2002) and tendon (Reddy, 2004) . In spite of our growing understanding of glycation in bone tissue, there is no evidence to establish the mechanism by which molecular level modifications of bone collagen impair energy dissipation of bone and cause fracture. Furthermore, from a clinical perspective, it is unknown if NEG alters bone's response to suddenly applied impact loading, typical of falls, and cause it to fracture. Cortical bone bears impact of loading during fracture but it is not established if effect of NEG is ubiquitous across age and in diseases such as diabetes that, despite higher bone mineral density, show increased incidence of bone fracture (Vestergaard, 2007) .
In this study, we hypothesized that glycation results in matrix level modifications across the scales of hierarchy in bone matrix, and these modifications cause, and are not simply correlative to, the reduction in bone mechanical properties observed in previous studies. Our objective was to use both, in vitro, and in vivo tests, to evaluate the hypothesis. Specifically, using in vitro mechanical studies on glycated collagen, glycated human bone specimens and their age matched controls, and in vivo diabetic animal models, we show how AGE accumulation in bone collagen causes an impairment in biomechanical properties. The use of age matched controls allows us to attribute NEG (glycation doubles AGE after 7 days of treatment, equivalent to 30 yr of aging) as a cause of decreased bone fragility.
2.
Materials and methods
AFM studies on collagen type-I
Collagen fibrils were produced in-vitro using dissolved rat tail collagen (BD Biomedicals) and 1X phosphate buffered saline (PBS). The collagen solution was warmed up to room temperature and titrated with 1X PBS to achieve a physiological pH of 7.4. This procedure was followed by incubation of the resulting mixture for 18 h at 37 1C to allow formation of collagen fibrils. After their formation, the fibrils were centrifuged and removed as control specimen, or glycated using 1.5 M ribose solution. Samples were dried on a glass cover slip at 37 1C and imaged using MFP 3D atomic force microscope (Asylum Research, Santa Barbara, CA) and AC 160 cantilevers
was measured using a section analysis tool (N ¼8) (Igor). Force spectroscopy using cantilever approach and retraction rates of 5 μm/s were carried out in PBS under ambient conditions using Olympus Biolever cantilevers (k ¼0.025 N/m). An intermittent dwell time of 4 s was incorporated to facilitate binding between the AFM tip and fibrils on sample surface. Area under the force-distance curves, a combined measure of interaction between collagen fibrils and tip-fibril interaction, was quantified (N¼ 5). Our peak forces and extensions were similar to those reported in other studies on collagen type-I (Bozec and Horton, 2005; .
In vitro non-enzymatic glycation
Aliquots (10 ml) of the precipitated collagen were sealed in dialysis tubing with a pore size of 300 nm. These were placed in ribosylation and control solutions for a period of 7 days at 37 1C and pH was maintained between 7.2 and 7.4. The ribosylation solutions contain 1.5 M of ribose, protease inhibitors to prevent enzymatic reactions (25 mM ε-amino-n-caproic acid, 5 mM benzamidine, 10 mM N-ethylmaleimide) and 30 mM HEPES in Hanks buffer (Vashishth, 2007) . The control solution had the same composition as the ribosylation solution but contains no ribose.
AGE assay
For all samples, total fluorescent AGEs were measured by a fluorometric assay (Vashishth et al., 2001 -88) , under wet conditions. The specimens were machined into a 10 mm gage length, with a diameter of 3 mm, tapering off to a grip of 4 mm diameter. The specimens were split into two groups of 9 each. The glycation group, was immersed in a 0.6 M ribose solution at 371 C for 7 days as per the method described above. The control group was immersed in the same solution without any ribose. Specimens were subjected to standard stress controlled creep tests using a multiple load cycles, under physiological conditions (0.9% saline drip at 371 C) on a MTS 858 Mini Bionix II (MTS Systems Corporation, 14000 Technology Drive, Eden Prairie, MN 5344-2290). Each load cycle comprised a one-second ramp-up load, one-minute hold period under constant load, one-second ramp-down load to zero and one-minute hold at zero load. The above sequence was repeated several times on each specimen using progressively increasing loads. For the stress relaxation tests, six millimeter long cylindrical specimen (n ¼12; six pairs) were demineralized in disodium EDTA (0.5 M, pH 8.3, 201 C) for 40 days. Demineralization was verified by x-ray analysis and calcium end-point assay. Stress relaxation involved loading each cylinder under physiological conditions on an MTS servo-hydraulic testing machine under strain control to a maximum strain of 50% at a rate of 300 microstrain per second followed by a strain period under strain control, during which the specimen was held at a constant length allowing the stress to fall and stabilize. An equation with time dependence similar to the solution of a one-dimensional diffusion equation σ ¼ σ eq þ Δσ 0 e À ffiffiffiffiffi ffi 4Dt p was fitted to stress (σ) versus time (t) data using the user defined equation function in TableCurve 2D v5 (Systat Software Inc. Canal Boulevard, Richmond, CA). The coefficients σ eq , Δσ 0 , and D in the above equation describe stress at equilibrium, change in stress, and the characteristics of a specimen undergoing stress relaxation due to fluid diffusion, respectively. Stress at equilibrium (σ eq ) can be divided by hold strain to estimate equilibrium modulus (H A ). Equilibrium modulus is a material property of a poroelastic material.
Compact tension testing and microdamage assessment
Longitudinal compact tension specimens (Width¼ 14 mm; Thickness¼ 3 mm, Initial Crack Length¼7 mm) were prepared from the tibial mid-diaphysis of 9 male/female donors, aged 34-85 yr. Six specimens were machined from each donor and all specimens were divided into two groups (glycated and control) of 27 each, and subjected to fracture mechanics tests (ASTM E399). A crack propagation gage (Micromeasurement Ltd., TK-09-CPB02) was mounted on each compact specimen, and the specimen was loaded at 37 1C on an MTS servohydraulic testing machine at 0.05 mm/min, under a constant irrigation of saline until a total crack extension of 2.25 mm was achieved. Subsequently, each specimen was sectioned for microdamage assessment and scanning electron microscopy (Carl Zeiss Supra SEM, Carl Zeiss Microscopy, Thornwood, U.S. A.).
2.6.
Cohesive modeling studies
Crack growth in compact tension (CT) specimens (width¼14 mm, thickness¼ 3 mm) was modeled using cohesive finite element modeling, which is a phenomenological tractioncrack opening displacement relationship that captures the nonlinear fracture behavior of bone. Finite element models of CT specimens were created using a finite element program FEAP (v7.1, 1999) . The model was meshed with plane strain quadrilateral elements. In order to elucidate the effects of experimental observations reported in this study on bone fracture resistance, three different finite element models were generated to investigate the effect of uncracked ligament overlap length on the toughening behavior of bone. The first model incorporated a straight crack where the crack propagation occurred along a single line with no uncracked ligament bridging. The second and third models included a crack with a fixed lateral shift of 20 μm and two different overlap lengths of 10 and 50 μm representing uncracked ligament bridges. The length of the crack segments, the overlap length, and the amount of lateral shift of the crack used in these simulations were deduced from experimental observations reported in this paper. Further details are provided in Supplementary methods.
Small animal bone fracture mechanics
Diabetes and hyperglycemia have been linked to increased AGE content in multiple tissues. In order to establish the relationship between glycation and bone fracture in vivo, femora from 6 months old non-diabetic and diabetic mice (n¼ 5-6 in each case) were harvested and notched in the anterior mid-diaphyseal region using a slow speed diamond blade (Buehler) . The anterior side was chosen to mimic natural loading conditions during three-point bending tests. Notched bones were soaked in saline for an hour prior to testing. The bending tests were performed on a custom made fixture, in the displacement feedback mode (Elf 3200, EnduraTEC), at cross-head rate of 0.001 mm/s until fracture.
The resulting load-displacement curves were used to compute j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 2 ( 2 0 1 5 ) 1 2 0 -1 3 0 propagation toughness. AGE quantification in these bones was done as described previously.
Reference point indentation
Reference point indentation (RPI) using BioDent (Active Life Scientific, Santa Barbara, California) purports to assess bone matrix quality by measuring the resistance that bone matrix offers crack formation. Indentation distance increase (IDI) is a measure of how far the indentor probe has traversed into bone matrix, and has been directly linked to fracture resistance in bone, in vivo, in animal models and humans (i.e. higher IDI, lower fracture toughness) (Diez-Perez et al., 2010) . RPI was employed to assess bone material quality of the nondiabetic and diabetic mice bones and verify the differences seen in the fracture toughness. Cyclic indentation tests were performed on the periosteal and anterior surface of the fractured bones at three points for each specimen. Care was taken to indent away from the fracture surface to avoid regions of damage. Indentations were performed with a maximum applied load of 3 N for 10 cycles with a frequency of 2 Hz.
Results

Glycation reduces interfibrillar energy dissipation in collagen
Atomic force microscopy (AFM) and spectroscopy was used to investigate the effect of NEG on collagen type-I energy dissipation. AFM images verified fibril formation (Fig. 1a) . Quantification of AGEs in collagen, glycated with varying concentrations of ribose, showed an increase in AGEs with an increase in the molarity of the glycation solution (Supplementary results). In contrast to large deflections associated with tip-sample interactions, force-extension curves revealed deformations in multiple microns (2-10 μm) that are characteristic of fibrillar interactions (Bozec and Horton, 2005) . Comparison of area under forceextension curve, obtained through force spectroscopy, demonstrated that the mean energy dissipated by the glycated fibrils (1.4EÀ1573.2EÀ 16 N m) during deformation was an order of magnitude smaller than that dissipated by control specimen (3.014EÀ 1472.014EÀ14 N m) ( Fig. 1b; p¼ 0.02). Force-extension curves also showed that the extent of deformation in the 1.5 M ribose glycated sample was lower than in controls, with the respective deformations being 2 and 10 μm, respectively (Fig. 1c-d) .
3.2.
NEG reduces ductility of organic and mineralized bone matrix and fracture toughness of bone
We performed multicyclic creep on multiple specimen derived from the tibiae of a 46 year old human female, to evaluate the effect of glycation on the organic and mineralized matrix. We also performed crack propagation tests on glycated and control samples from 9 human donors from ages 34 to 85 yr, to determine the effect of glycation on fracture properties of mineralized bone matrix. Fluorescence analysis to quantitatively determine NEG revealed a doubling of AGE content (po0.00001) in the glycated bone (640788 ng quinine/mg collagen) as compared to the control group (314737 ng quinine/mg collagen). This is consistent with previously reported data on cancellous bone showing that a week of in-vitro glycation is equivalent to 3 decades of NEG in vivo (Vashishth et al., 2001) .
Our mechanical testing data indicate that AGE accumulation alters organic matrix of bone. Stress relaxation tests were conducted on glycated and control demineralized cylindrical specimen. Stress relaxation data was fitted to a onedimensional diffusion model and statistical data analyses with paired t-tests revealed that the stress in demineralized bone at equilibrium (σ eq ) was lower in control (1.17770.487) than in the glycated group (2.48670.234) (po0.01). The control specimen showed lower equilibrium modulus (H A ) than glycated group (control ¼ 2.35570.974; glycated¼ 4.16870.467; po0.01) suggesting stiffening and higher accumulation of residual stress in the organic matrix, with glycation.
Multicyclic creep tests on mineralized bone showed that glycated and control specimens fail at similar stress levels of 110 and 115 MPa, respectively. However, there was a 42% strain reduction in the glycated group (0.37% strain) at failure compared to the control group (0.64% strain) (Fig. 2a, po0 .03). Significant differences in the steady creep behavior between the mineralized control and glycated groups were observed at all stress levels Z95 MPa (po0.03). The control group's creep rate (34.59 μstrain/s) was 3 times or more than the glycated group (9.61 μstrain/s) for all stress levels Z110 MPa (Fig. 2b, po0.04) . The glycated group also had significantly lower residual strain (7007169 μstrain) than the control group (11637265 μstrain) for all stress levels Z105 MPa (440% reduction in residual strain upon glycation) (po0.01). Furthermore, there was absence of non-linearity, in the stressstrain curve of glycated bone (Supplementary results). This result, in conjunction with lower creep rate and residual strains, indicated lesser energy dissipation and brittle nature of fracture of glycated bone.
Fracture mechanics tests on mineralized bone specimen showed that there was no significant difference in the average initiation toughness (K IC ) values of the control (2.2670.31) and glycated (2.2770.33) groups ( Fig. 2c ; p ¼0.91). In contrast to initiation, the in vitro non-enzymatic glycation caused a 35% reduction in the average R-curve slope. The glycated group demonstrated a significantly lower average R-curve slope (0.4170.18 MPa) than the control group (0.6370.14 MPa) ( Fig. 2d; po0.003 ). R-curve slopes for glycated and control specimens are shown in Fig. 2e. 
NEG disrupts microcrack based toughening mechanisms in bone
Following mechanical testing, we performed a microscopic evaluation of 100 μm thick compact tension sections, with scanning electron microscopy (SEM), to quantify microdamage and evaluate toughening mechanisms. The results demonstrate that NEG significantly altered microcracking in bone. Control samples showed greater microcrack density ( Fig. 3a; po0.05) around the propagating start-stop type of microcracks than the glycated specimen. Glycation increased length of the individual cracks that form during the start-stop type of crack growth in bone and increased uncracked ligament length (Fig. 3b and c) .
Because increase in uncracked ligament length with loss in fracture toughness is counter-intuitive to the concept of uncracked ligaments as a toughening mechanism, we performed finite element analysis (FEA) based cohesive modeling of the compact tension specimen to determine the contribution of uncracked ligaments overlap length on fracture toughness of glycated and control bone (Fig. 3d-g , respectively. Hence, an increase in uncracked ligament overlap length (as seen in glycated bone, Fig. 3c ) from 10 μm to 50 μm, decreased the resistance to crack propagation by $ 15%. These results support the loss in propagation toughness of glycated bone observed experimentally, and confirm the detrimental role of glycation in crack propagation.
NEG impairs bone material properties in diabetic mice
Fracture mechanics data showed that propagation toughness of the non-diabetic group (4.7270.79 MPa m 0.5 ) was higher than the diabetic group (3.3870.58 MPa m 0.5 , p¼ 0.012). Reference point indentation measurements revealed the indentation depth increase (IDI) in non-diabetic group (6.8471.07 μm) was greater than in diabetic group (9.0471.89 μm, p¼ 0.033). AGE measurements showed a near significant difference between the non-diabetic and diabetic groups (p ¼0.072). 
Discussion
Aging and diseases like diabetes increase bone fragility in the elderly (Zimmermann et al., 2011; Vashishth, 2007; Saito and Marumo, 2013; Catanese et al., 1999) . Traditionally, dual energy x-ray absorptiometry (DXA) based bone mineral density (BMD) measurements have been the used to predict bone fracture risk (Lorente Ramos et al., 2012; Rothman et al., 2014) . However, BMD alone is not a reliable predictor, as fracture risk increases with age, irrespective of BMD (Hui et al., 1988) . Bone resists fracture by dissipating energy at various scales of its hierarchy through microdamage formation, from dilatational bands at the nanoscale (Poundarik et al., 2012) to microcracking that spans multiple microns in dimension (Nalla et al., 2004) . Microdamage formation, in turn, depends largely on the quality of the organic matrix, including collagen and non-collagenous proteins. Deformation of collagen, formation of microdamage at the lamellar level and uncracked ligaments at osteonal levels are established mechanisms of energy dissipation and toughening of bone. In this study, using in vitro tests, we show that NEG has a causal relationship (i.e. directly alters) with each one of these. We investigated in detail how non-enzymatic glycation affects the structural and mechanical properties of collagen matrix, and fundamentally alters creep and microcrack based toughening mechanisms in bone.
In this study, we used atomic force spectroscopy to study the change in fibrillar diameter and energy dissipation characteristics of glycated and non-glycated collagen. Other studies, albeit on tendon collagen, have reported a change in diameter of fibrils on glycation (Bai et al., 1992) . Due to in vitro glycation, we observed a reduction in tip displacement by 4 times in the glycated specimens, and total energy dissipation by an order of magnitude. Although tip-sample interactions account for part of the energy dissipated, such interactions are not likely to be significantly different between the glycated and non-glycated specimens, and limited to lower displacements (Gotsmann et al., 1999) than seen in our studies. Thus we conclude that the impaired dissipation of energy is likely due to AGE accumulation caused due to glycation of collagen.
Lack of effective load transfer in bone has been implicated in age related deterioration in bone quality (Zimmermann et al., 2011) , however the mechanisms of such reduction have not been elucidated. Previous work by the authors has implicated NEG to impair post-yield mechanical behavior. NEG is associated with a decline in the post-yield properties bone including a reduction in post-yield energy in glycated bone by 50% . Results from creep testing of mineralized and demineralized specimen, in this study, suggest for the first time that creep, a time based mechanical property, is greatly influenced by glycation. These experiments were conducted on paired specimens from same donor to establish causality between alteration of organic matrix by NEG and creep based energy dissipation in bone. As reported in the manuscript, this involved a large number of specimens and allowed us to statically conclude the effect of AGEs on creep based energy dissipation mechanisms in bone. We did not repeat these tests across ages as AGE accumulation causes loss of energy dissipation (as measured by fracture toughness) across all ages.
The ability of the organic matrix to creep and sustain deformation dramatically was reduced upon glycation. We found no difference in the maximum stress values, indicating that glycation influences bone fracture through strain-based mechanisms. Glycated organic matrix creeps 3 times slower than control. Glycated mineralized bone accumulates more residual stress than control specimen and fails at $42% lower strain. The failure happens at strain levels within the upper bounds of physiological loading ( $3000 μstrain) and may explain the incidence of fracture, due to falls, in the elderly. Thus, the inability of the NEG cross-linked collagen matrix to accommodate deformation results in decreased residual strains and increased residual stress. Furthermore from this study, we surmise that by creeping slower, glycated bone is unable to dissipate energy as quickly as non-glycated bone. Due to impaired stress relaxation, glycated bone matrix potentially accumulates areas of high stress concentration that can lead to microcrack coalescence and increased microcrack length, both of which were observed in the study. These changes manifest in altered cracking behavior and a consequent reduction in propagation toughness of glycated bone (Fig. 2d) .
The creep testing and fracture mechanics results substantiate the role of glycation in post-yield fracture behavior of bone as previously suggested Karim and Vashishth, 2012; Vestergaard, 2007) . Furthermore, they suggest that creep is a dominant mechanism in the dissipation of energy in bone matrix (Poundarik et al., 2012) , and is altered due to glycation. The in vitro mechanical data, show that AGE accumulation within bone matrix impacts crack growth and propagation over crack initiation. NEG therefore regulates toughening mechanisms and bone fracture by altering creep deformation of the organic matrix.
It is noteworthy that we found no difference in initiation toughness between the control and glycated specimens. Burstein et al. (1975) have shown that pre-yield behavior is affected by bone mineral and post-yield by the organic matrix. Since glycation only modifies the organic matrix, and not the mineral component, a difference in initiation toughness is not expected. Here, we also report that in vitro NEG causes accumulation of AGEs in bone, at levels similar to observed in vivo, and that such accumulation of AGEs only alters the propagation and not initiation toughness across a range of age in a paired study design. Next we measured levels of AGEs measured in cadaveric bone and found that, consistent without findings from in vitro model, AGE accumulation only correlate to propagation and not initiation toughness across a range of ages.
Propagation toughness, the ability of a matrix to resist crack propagation and avoid catastrophic failure, is thus predominantly governed by organic matrix, which includes NEG modifications of collagen. Our results shows that nonlinear creep behavior of bone, associated with submicroscopic cracking in the collagen fibril (Fantner et al., 2005; Zioupos and Currey, 1994; , is absent during the creep of glycated bone (Supplementary results). Taken together these results further supports our claim that glycation directly affects fracture, through creep. Hence we conclude that collagen, like other non-collagenous proteins (Poundarik et al., 2012) , regulates crack propagation and that the extent of glycation, as measured by AGE content, is likely to predict bone fracture properties.
In order to assess the predictive capacity of AGEs in humans, we performed correlative tests between AGEs and mechanical data obtained experimentally (Fig. 4) . We found that AGE content showed a significant negative correlation with the creep rate (p¼ 0.003; r 2 ¼ 0.36) (Fig. 4a) and maximum strain reached at each stress level of mineralized bone (p ¼0.004; r 2 ¼ 0.59) at 100 MPa (Fig. 4b) . AGEs strongly correlated, negatively, with propagation toughness (r 2 ¼ 0.64) indicating that an increase in NEG-mediated cross-linking of collagen results in a greater fracture risk (Fig. 4c) . Finally, we also found that propagation toughness, exhibited a strong negative correlation with donor age (Fig. 4d) . Thus using the correlative data above, AGE assays can be used to better predict the bone quality and fracture risk in aging humans. More importantly, since BMD measurements are based exclusively on bone mineral, AGE assays can improve upon fracture prediction. The importance of high surface to volume ratio in microdamage is evident from diffuse damage, a superior toughening mechanism in bone that dissipates energy through the formation of many submicron cracks in a contained volume (Diab and Vashishth, 2007; Schaffler et al., 1995) . Linear microcracks (LM) predominate in glycated bone. Thus, with aging, bone tends to accumulate more LM than diffuse damage. These linear microcracks can coalesce causing a deterioration of mechanical properties (Vashishth, 2007; Schaffler et al., 1995; Tang and Vashishth, 2010) . However, unlike the formation of LM, that increase the propensity of bone failure, microcracking, a fundamental energy dissipating mechanism in bone, allows for the dissipation of greater fracture energy through stress shielding ahead of the crack tip, and the formation of numerous cracks in addition to the main propagating crack. Whilst glycation affects the process zone dilation and consequently energy dissipation in microcracking, crack bridging mechanisms, as seen in uncracked ligaments, and distinct from stress shielding and process zone dilation, are also altered in glycation. Our cohesive modeling studies indicate that, unlike glycated bone, the formation of smaller, numerous cracks enhance bone toughness by 20% in control specimen with smaller propagating cracks and uncracked ligaments overlap zones. Furthermore, limited microcracking in glycated samples indicated existence of smaller and fewer creep zones and crack growth retardation.
A model explaining the effect of glycation on cracking was developed based on the experimental and modeling data (Fig. 5) . According to this model, the initial application of loading on bone results in the formation of a microcrack zone around the notch, known as a frontal process zone (Vashishth et al., 1997) . As loading continues a microcrack originates from the notch and accelerates through the frontal process zone, accompanied by creep ahead of crack tip. Acceleration of the main crack results in a formation of microcracks behind the main crack tip, in what is known as the process zone wake, generating more creep zones, thereby shielding the main crack tip by redistributing the stresses in the crack tip region . The redistribution of stresses consequently decelerates the main crack under continued loading. The creation of a large surface area, due to and the accompanying smaller micron scale microcracks, in the wake of the main crack allows the dissipation of more energy. This pattern of crack propagation and microcracking is repeated as the main crack continues to propagate through the bone . In addition to the mechanism of microcracking, formation of uncracked ligament zones, of varying overlap lengths also contribute significantly to energy dissipation (Fig. 3d) . It is noteworthy that the initiation toughness only accounts for microcracks formed during the formation of a frontal process zone, whereas propagation approach includes microcracks formed during crack propagation and microcracking in the wake zone. Thus, in contrast to initiation, the propagation approach is able to quantify the full contributions of microcracks formed during fracture. Furthermore, it becomes clear that the contribution of creep during microcrack formation comes to play only during crack propagation.
It has previously been postulated that AGEs accumulate in bone matrix of aging and diabetic patients (Saito and Marumo, 2013; Vashishth, 2009; Sell and Monnier, 1989; Odetti et al., 2005; Vashishth et al., 2001; Wang et al., 2002) . In the small animal study, we found a marked reduction in toughness and indentation measures (IDI) of the diabetic mice. The diabetic mice exhibited increased AGEs levels. It is noteworthy that NEG mediated 35% reduction in the crack propagation resistance of bone corresponds closely with the 37.2% reduction seen in vivo due to three decades of aging and 28.4% reduction in diabetic mice. The goal of this study was not to compare, validate or invalidate use of RPI as a tool to ascertain fracture toughness. We used fracture toughness testing and reference point indentation to evaluate the mechanical properties at the macro and micron scale respectively. Our results suggest that age-and diabetes-related changes in fracture resistance of bone in vivo are influenced mainly by the NEG-mediated modification of bone quality.
In conclusion, aging and diseases like diabetes result in accumulation of AGEs through non-enzymatic glycation, which is strongly correlated to a loss of bone toughness. In this study, we established a causal relationship between NEG and bone fracture. Furthermore, we demonstrated AGE measurement as a viable method that can be incorporated with existing fracture prediction modalities like DEXA, to allow for a more robust prediction of bone fragility.
